ABSTRACT Residual insecticidal activity of Bacilltls thtlringiensis Berliner encapsulated in cornstarch was detern1ined by using two separate tests. In the first test, granules with various additives were placed in whorls of corn plants in the field, collected over time, and bioassayed against neonate Ostrinia ntlbilalis (Hubner). During a wet year (1990) when 10 em rain fell during the exposure time, insecticidal activity of B. tlltlringiensis encapsulated in starch granules was higher than that of B. tlwringiensis in a commercial formulation. In a dry year (1989), we observed no significant differences in activity. In 1991, when 3 em rain fell midway through the study, the commercial fornmlation had less activity than two of the starch formulations. In the second test, field efficacy was measured at two locations. In this study, we examined the effect of an early versus a late application of toxicants when whorl-stage plants were infested with laboratory-reared O. ntlbilalis larvae over a 10-d period. Granules were applied either on the 1st d of insect infestation (early) or after the 7th d of infestation (late). The late application was significantly more efficacious than the early application. B. tlwringiensis granules consistently prevented damage by O. ntlbilalis as well as or better than a chemical insecticide for the length of the study.
Materials and Methods
Bioassays. The first test of residual activity was initiated by placing granules in the whorl of This article reports the results of research only. r-.lention of a proprietary product does not constitute an endorsement or a recommendation for its use by USDA.
1 USDA-ARS, Corn Insects Research Laboratory, Genetics Laboratory, clo Insectary, Iowa State University, Ames. commercial field corn plants that had grown to =0.5 m tall. On 13 June 1989, 1.2 g granules were applied to each whorl; on 5 June 1990 and 10 June 1991,0.3 g were applied. Our experience in 1989 indicated that it was not necessary to apply 1.2 g granules to collect a sample large enough to assay. On days 1, 2, 4, 6, 8, 10 , and 12 after application, granules from four whorls per treatment were collected, air dried, and frozen. Granules from each whorl were handled separately throughout the experiment to achieve four replicates per treatment per sample day.
A droplet assay (Hughes & Wood 1981 ) was used to test granules for insecticidal activity. A 100-mg sample of granules was added to 2 ml water containing 2 mg a-amylase (Sigma, St. Louis, MO). After incubation for 1 h at 37°C to allow digestion of the starch, 2 ml water was added, and the mixture was homogenized for 10 s with a tissue homogenizer (Virtishear, Virtis, Gardiner, NY). An additional 4 ml water, 2 ml red or green food coloring, and 100 mg sucrose were added, after which 60 laboratory-reared O. nubilalis neonates were allowed to imbibe from droplets of the suspension. Larvae that imbibed, as indicated by color in the gut, were transferred individually to artificial diet. After 2-3 d, percentage mortality was obtained (preliminary (control) . The experimental design was a randomized complete block with six blocks and eight treahnents (four granule types and two application dates). Because of wet field conditions at Ankeny, granules were applied by hand on the second application date. After at least 6 wk, all 25 plants in each plot were split from tassel to ground and the length of tunneling in the stalk \vas recorded.
To describe more fullv the effects of the treatments on plant protectio'n, the data were divided into two groups (Le., those plants that were damage-free and those plants that were damaged). Results were subjected to analysis of variance in a factorial design with location (df = 1), h'eahnent (df = 3), and application date (df = 1) as main effects and with number of insect infestations (l through 7) as a linear covariate (df = 1). \Ieans were compared using pairwise comparisons of least squares means (P < 0.01) (SAS Institute 1985) .
Preparation of Granules. Granules for the first bioassay were prepared with Mira-gel 463 (Staley, Decatur, IL), as described by McGuire et al. (1990) . Additives tested were Coax, a feeding stimulant shown to have positive effects with O. nubilalis (Baltelt et al. 1990) , at 1 or 10% of dry weight, and Congo red, a common laboratory dye with ultraviolet (UV)-absorbing characteristics (Dunkle & Shasha 1989 , Shapiro 1989 at 1% of dry weight. Each year, Abbott Laboratories supplied B. thuringiensis as technical powder. All granules were formulated at 1,600 IUlmg dry weight and contained 0.2% benomyl 50 wettable powder (WP) (Miller Chemical & Fertilizer, Hanover, PAl. For the second test, we used a new formulation procedure (Carr et al. 1993) tests demonstrated no change in mOltality between 2 and 3 d nor anv lethal effect from sucrose or food coloring; l\;1.R.·M., unpublished data).
To control for dav-to-dav variabilitv in larval susceptibility to B.' tlwri;lgiensis, e~ch set of granules from the field was tested parallel with the corresponding granule type that had not been exposed in the field. In addition, this procedure compensated for differences of absolute activity that may occur as a result of feeding stimulants (e.g., Coax [CCT, Lichtfield Park, AZ]) or of differences in extraction of B. thuringiensis from different types of formulations. Percentage of original activity remaining could be calculated by dividing mOltality caused by exposed granules by mortality caused by unexposed granules. To determine which formulations were retaining activity, analysis of variance was done over the entire 3-yr period. To identify the effects of year-to-year variation in weather on activity, h'eah11ents were compared within each year with t-tests of least squares means (SAS Institute 1985) .
The second assav was similar to an O. nubilalis insecticide efficac;' assay, except that it was designed to measure residual insecticidal activity. The experiment was done in 1990 near Metamora, IL, and at the Iowa State University Research Farm near Ankeny, IA. Field corn ('ICI [formerly 'Garst'] 8555') was planted at the rate of 64,245 seeds per ha (26,000 seeds per acre). When plants were =0.5 m tall, we began the study. Plots were separated by two rows and consisted of 25 tagged and numbered plants within two rows of corn. Although plants were infested with O. nubilalis neonates (Ortega et al. 1980) within each plot daily for 10 d, not every plant within a plot received insects each day. Instead, the infestation pattern was based on a Poisson distribution so that, on average, each plant \vithin each plot received a total of two infestations (=50 larvae per infestation) during the 10-d period. Because each plant was numbered, plants among plots were infested similarly (e.g., on the first day of infestation, plants 5, 7, 8, 9, 10, 11, 14, 24 , and 25 in each plot received insects; on the second day of infestation, plants 3, 5, 6, 8, 14, and 20 received insects) . This type of infestation scheme more accuratelv reflects a natural O. nubilalis population di~tribution (McGuire et al. 1957 ) than does the typical type of infestation in which all larvae are applied 5-7 d before h'eahnent application (e.g., IvIcGuire et al. 1990 ). The infestation pattern also permitted examination of residual activitv of treatments. Half of the plots received gra~1Ular treatments either on or shortlv after the first dav of infestation (Table 1) . The' other half of the plots received the same granular treatments later in the infestation period; this date represented a more commonlv recommended h'eatment date (Showers et al. '1989) . .... Coax (10% wt/wt), B. thuringiensis technical powder (1,600 IUlmg of finished granules), and 0.2% benomyl 50 WP and \vas added to a twinscrew extruder. vVater was pumped in, and the combination was passed through the extruder at 65°C to ensure gelatinization. Residence time was <1 min, after which the extruded product was air dried and ground to pass through 14-mesh screening. Droplet assays as described with the extruder-prepared granules demonstrated no loss of insecticidal activity compared with granules prepared by hand with Mira-gel 463. Collection of Weather Data. In 1989 and 1991, high and low temperatures were recorded daily from a high-low thermometer (Airguide). Rainfall was collected in a glass rain gauge (Airguide). In 1990, data were recorded electronically by a data logger (Li-Cor, LI-I000, Lincoln, NE) connected to a 1000-16 air temperature sensor and a tipping bucket rain gauge (SierraMisco). Sunlight intensity was measured with a portable spectroradiometer (Li-Cor LI-1800) fitted with a remote cosine receptor. This instrument measured radiant energy at every other wavelength of sunlight between 330 and HOO nm. Software within the instrument determined total energy among a user-specified range of wavelengths. Readings were taken on 8 July 1991 at 1200 h in the whorl of a corn plant, within the axil shaded bv a leaf. and under direct sunlight. No clouds \~ere pr~sent.
Results and Discussion
Weather Data. In 1989, air temperature throughout June was mild and rain free, with temperatures ranging from highs of 32°C to lows of 10°e. In contrast, temperatures in 1990 were variable, and much rainfall occurred (Fig. 1) . When rain occurred during the insect infestation period, insects were placed on the plant after the rain fell. At least 2 h separated insect application and the next rain in all cases. Data are reported only through July because larvae had entered the stalk by then and were less susceptible to the effects of weather. In 1991, temperatures were similar to those in 1989, and one rain event (.3 cm) occurred 5 d after granule application.
Bioassays. In the first bioassay, granules exposed to environmental conditions in the whorl of the corn plant lost insecticidal activity over the 12-d period each year (Fig. 2) . Values of original activity remaining (OAR) > 100% resulted from low mortality ofinsects fed B. thuringiensis from unexposed granules. Consequently, the low denominator resulted in high OAR even if mortality from unexposed granules was low. This variabil- 
Days of Exposure ity was evident mainly in the first year of the study, and, as procedures were perfected, the variability diminished in subsequent years. Analysis of the data over the 3-yr test revealed significant F values for main effects and all possible interactions (Table 2) .
We expected interactions if different formulations were affected differently by the various time and weather factors encountered over the 3-yr period, as well as among the 12 d within each year. Rainfall differed among each year, leading to a significant year-by-treatment interaction, and rainfall occurred on different days each year or did not occur at all, leading to significant year-by-day and day-by-treatment interactions. Table 2 . Anal}'sis of v'ariance of data from residual acthity study Granules were exposed in COm whorls for 1, 2, 4, 6, 8, 10, or 12 d, collected, and assayed for activitv.
" All F values significant at P < 0.0001. 2.7 W/m 2 . These data confirm the conclusion reached by Lynch et al. (1980) , who attributed extended half-lives of B. thuringiensis spores in field corn to shielding by the corn plant. Clearly, sunlight may not be as important to degradation of B. thuringiensis in the whorl or leafaxils of corn plants as it is to B. thuringiensis applied to foliar surfaces (e.g., Morris 1983) .
The field efficacy tests demonstrated excellent control of European corn borer with all toxicant treatments. Analysis of the data is presented in two parts (Table 4) . First, the number of plants that had no damage was compared among treatments; second, for the plants that were damaged, amount of tunneling per plant was compared. Analysis of numbers of undamaged plants revealed significant effects resulting from toxicant and application date, as well as significant interactions of location by date and toxicant by date. Sigriificantly more plants receiving control granules were damaged than were plants receiving granules with toxicant (Table 5) . We observed no differences among toxicant treatments in the first application, but significant differences were observed in the second application. Fewer plants in plots receiving Dipell0G were damaged com- To further separate treatment effects, we calculated average activity over the 12-d periods for each year (Table 3 ). In 1989, insecticidal activity of Dipell0G was not significantly different, with no rainfall from that of two starch formulations but was significantly better than activity of twõ ther formulations. In 1990 with relativelv heavy rainfall (=6 cm the night after granulã pplication), Dipel lOG had significantly lower activity than all starch formulations tested. In 1991, when amount of rainfall was between that of 1989 and 1990 , the effect of Dipel lOG was similar to that of two starch treatments but was significantly less effective tl1an two others. Dipel lOG is a typical commercial formulation prepared by spraying spores and crystals onto the surface of corn grit or similar particles (i.e., the insecticidal agent is not encapsulated or shaded by the formulation, rendering the agent susceptible to degradation by sunlight or to wash-off by rainfall). However, sunlight by itself apparently was not responsible for loss of activity of B. thuringiensis. In a year with full sunlight (1989) , Dipell0G did as well as or better than the starch formulations. Examination of the data from the sunlight-intensity measurements suggests tl1at not much sunlight reached the whorl or leaf a"dls where granules collect and corn borers reside (Fig. 3) . In the UV range of 330-400 nm, full sunlight yielded 160.9 W/m 2 , energy in the whorl was 10.9 W/m 2 , and energy in the axil was mora location sustained more damage than plants at Ankeny. Over all treatments and both locations, plants receiving the early application sustained significantly more damage than plants receiving granules later. These data correspond well to treatment guidelines for first-generation O. nubilalls that recommend application of treatments when at least half of the egg laying is complete (Showers et al. 1989 ). 
